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THE OVARIAN FOLLICLE IS A key functional unit of the ovary. In most domestic animals and primates, follicle formation occurs during fetal life, whereas in rodents follicles form around the time of birth. After formation, primordial follicles remain arrested (up to decades in long-lived mammals, like humans) until they are activated to begin growth. Follicle activation, the transition of primordial follicles from quiescence into the growth phase, is characterized by a change in shape of the single layer of granulosa cells from flattened to cuboidal and the initiation of oocyte growth. Follicle activation is an irreversible process, and therefore, the rate at which follicles become activated is critical in regulating the size of the resting primordial follicle pool, which affects a female's reproductive life span and fertility. So far, mechanisms controlling primordial follicle activation are still poorly understood, especially in species of practical interest like domestic animals and humans.
Although how follicle activation is regulated in vivo is largely unknown, activation of primordial follicles in vitro has been achieved for several species, including rodents (10), cattle (2, 43) , baboons (42) , and humans (16) . In cultures of whole rodent ovaries, kit ligand (33) , leukemia inhibitory factor (30) , basic fibroblast growth factor (28) , insulin (23) , and BMP-4 (31) can promote the primordial to primary follicle transition, whereas anti-Müllerian hormone (29) , stromal derived factor-1 (15) , progesterone, and estradiol (6, 21) inhibit the primordial to primary follicle transition. Moreover, results for mutant mouse models suggest that the phosphatase and tensin homolog (PTEN)/phosphoinositide 3-kinase (PI3K) signaling pathway controls follicle activation through the forkhead transcription factor 3a (FOXO3a). Oocyte-specific ablation of either Pten or Foxo3a in mice caused global primordial follicle activation (4, 20, 35) .
Compared with rodents, very little is known about the regulation of follicle activation in domestic animals and humans, which are species of practical interest. In cattle, insulin and kit ligand promote, whereas anti-Müllerian hormone and steroids (progesterone and estradiol) inhibit, follicle activation in vitro (7, 13, 32, 44) . Although these studies have begun to elucidate factors controlling follicle activation in cattle, most of the previous studies were based on testing individual "candidate factors" that appear to be important in rodents, to determine if they promote or inhibit the initiation of bovine follicle growth. Progress has been made using this approach, but the progress has been slow. More importantly, there may be additional factors that play important roles during follicle activation but are not yet identified. Microarray can measure the levels of RNA transcripts derived from thousands of genes simultaneously. In the present study, a gene discovery approach was used to identify new factors and genes that potentially regulate follicle activation in cattle by determining differences in global gene expression profiles between ovarian tissue enriched for resting primordial follicles or growing primary follicles. Cattle provide an excellent experimental model for studying follicle formation and activation, not only because they are an important food source, but also because the timing and the process of early folliculogenesis are remarkably similar in cattle and humans.
In cattle, the length of gestation is around 279 days, and formation of primordial follicles begins during the secondtrimester of pregnancy. Therefore, most follicles in bovine fetal ovaries at 5-8 mo of gestation are primordial follicles, and this makes bovine fetal ovaries a good experimental model for studying follicle activation (43) . Primordial follicles reside in the outer layer of the ovary, the cortex, and our lab developed a culture system that supports activation in vitro of primordial follicles in ovarian cortical pieces cultured in medium containing ITSϩ [insulin-transferrin-selenious acid ϩ BSA and lino-leic acid; (43) ]. Most primordial follicles in pieces of ovarian cortex obtained from fetal calves during the last trimester of pregnancy activate within 2 days of culture with ITSϩ (12, 43) . When cortical pieces are cultured with TSϩ (identical to ITSϩ but without insulin), cortical tissue remains healthy, but there is no increase in primary follicles after 2 days in culture (13) . This shows that the insulin in ITSϩ is responsible for activation and has provided an experimental model for comparing ovarian cortical pieces under conditions that do not or do promote activation in vitro. Using the experimental model, we identified candidate transcripts, potentially involved in regulation of follicle activation in cattle, in the present study by comparing the transcripts in bovine cortical pieces cultured with TSϩ (containing predominantly primordial follicles) to cultures with ITSϩ (containing predominantly primary follicles).
MATERIALS AND METHODS
Collection of bovine fetal ovaries. Bovine female fetuses [5-8 mo gestation, estimated by crown-rump length (11) ] were obtained from a local slaughterhouse (Cargill Regional Beef, Wyalusing, PA). Ovaries were collected and transported to the laboratory in Leibovitz L-15 medium (Life Technologies, Grand Island, NY) supplemented with 1% fetal bovine serum, 50 IU/ml penicillin, and 50 g/ml streptomycin (Life Technologies) at ambient temperature (20 -22°C), as previously described (43) .
Culture of ovarian cortical pieces. The cortex of fetal ovaries (n ϭ 3 fetuses) was dissected from the medullary tissue and cut into ϳ0.5 to 1 mm 3 pieces. Freshly isolated cortical pieces from each fetus were fixed for histological analysis of numbers of primordial and primary follicles as previously described (43) , as day 0 controls. The other cortical pieces were placed on uncoated culture well inserts (2 pieces/ well; Millicell-CM, 0.4 m pore size; Millipore, Bedford, MA) in the wells of 24-well Costar culture plates (Corning, Corning, NY) with 300 l Waymouth's MB 752/1 medium (Life Technologies) supplemented with 25 mg/l pyruvic acid (Sigma Chemical, St. Louis, MO), antibiotics (50 IU/ml penicillin, 50 g/ml streptomycin; Life Technologies), and ITSϩ (6.25 g insulin, 6.25 g transferrin, 6.25 ng selenious acid, 1.25 mg BSA, 5.35 g linoleic acid per milliliter; Collaborative Biomedical Products, Becton Dickinson Labware, Bedford, MA) or TSϩ (identical to ITSϩ, but without insulin). Cortical pieces (36 -40 pieces/treatment/fetus) were cultured at 38.5°C in a humidified incubator gassed with 5% CO 2/95% air for 2 days. At the end of culture, four pieces per treatment per fetus were fixed for histological analysis of follicle activation, and the remaining pieces were snap-frozen for later extraction of RNA for microarray analysis.
Histological analysis. Follicle activation in cortical pieces was assessed by histological morphometry as previously described (43) . In brief, cortical pieces were fixed for 1 h in 2.5% glutaraldehyde, 2.5% formaldehyde in 0.075 M cacodylate buffer. The pieces then were embedded in LR white plastic and serially sectioned with an ultramicrotome at 2 m. Sections were stained with toluidine blue. Follicles in every 20th plastic section were staged and counted to assess follicle activation. This sampling protocol ensures that no follicle is counted twice.
Microarray analysis. Total RNA in cultured cortical pieces (n ϭ 3 fetuses) was first extracted using Trizol reagent (Life Technologies), followed by a second purification using the RNeasy Mini Kit (QIA-GEN, Valencia, CA). The quality of RNA was examined using an Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA). Double-stranded cDNA was synthesized from mRNA using cDNA synthesis kit according to the manufacturer's instructions (Affymetrix, Santa Clara, CA) and then served as a template for subsequent in vitro transcription (IVT) reactions to produce biotin-labeled complementary RNA (cRNA) using the GeneChip IVT labeling kit (Affymetrix). Biotin-labeled cRNA was then hybridized to the GeneChip Bovine Genome Array (Affymetrix; n ϭ 6, 1 per treatment per fetus) and scanned by GeneArray 3000 scanner (Affymetrix).
Gene ontology, canonical pathway, and functional network analyses. Gene ontology, canonical pathway, and functional network analyses were generated through the use of Ingenuity Pathways Analysis (IPA; Ingenuity Systems, http://www.ingenuity.com). The analyses were performed to explore, understand, and discover molecular interaction networks in gene expression data that contribute to the regulation of follicle activation.
Real-time PCR analysis. Real-time PCR was used to 1) validate the results for four transcripts that were differentially expressed in the microarray analysis and 2) examine levels of mRNA for PTEN because the IPA results suggested its involvement in insulin-induced follicle activation in cattle. In brief, total RNA in freshly isolated cortical pieces and pieces of ovarian cortex cultured with TSϩ or ITSϩ for 2 days (different pieces from those used for the microarray analysis; n ϭ 3 fetuses) was isolated and then converted into cDNA using random primers and Superscript II reverse transcriptase (Life Technologies). Using the same amount of cDNA, we performed real-time PCR in duplicate with an ABI 7300 series real-time PCR machine (Applied Biosystems, Foster City, CA) using SYBR Green Master Mix (Eurogenetec, Seraing, Belgium). Primers were designed using Oligoperfect Designer (Life Technologies), and sequences for bovine cell division cycle protein 20 (CDC20) were as follows: forward, 5=-GTC TGA CCA TGA GCC CAG AA-3=; reverse, 5=-GGT GGA TGA GGC TGC TTT T-3=. Sequences for bovine hydroxysteroid (17-beta) dehydrogenase 11 (HSD17␤11) were: forward, 5=-AAG AGA AAA TCA GTC ACC GGA G-3=; reverse, 5=-TGG CTG TTT CCT CAA GTC C-3=. Sequences for bovine ubiquitinconjugating enzyme E2C (UBE2C) were: forward, 5=-ACG GTG AAG TTC CTC ACA CC-3=; reverse, 5=-AGA ACA CAG GGA GAG CTG GA-3=. Sequences for bovine junctional adhesion molecule 1 (JAM1) were: forward, 5=-CCA AGC TGT CCT GCT CCT AC-3=; reverse, 5=-GAA TGG AAG GTG ATG CCA GT-3=. Sequences for bovine phosphatase and tensin homolog (PTEN) were: forward, 5=-CAT AAC GAT GGC TGT GGT TG-3=; reverse, 5=-CCC CCA CTT TAG TGC ACA GT-3=. Levels of bovine RNA polymerase II mRNA were used as the reference mRNA for normalization, because it was reported to have the most consistent expression in different tissues (34) . Radonic et al. (34) compared the mRNA transcription profiles of 13 putative reference genes, including glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and ␤-actin, in 16 different tissues and in cultured cells and showed that "classical" reference genes are unsuitable, whereas RNA polymerase II was the mRNA with the most constant expression. Sequences for bovine RNA polymerase II were: forward, 5=-CTT CCA ACA AGG CTT TCG AG-3=; reverse, 5=-GCT CAG CAC ATC TTT CAC CA-3=. Amplification reactions were performed in duplicate for CDC20, HSD17␤11, UBE2C, JAM1, PTEN, and RNA polymerase II for every cDNA sample (n ϭ 3 fetuses) for 40 cycles in 96-well real-time PCR plates. Relative mRNA levels were quantified, and we calculated fold changes by comparing the mRNA expression in ovarian cortical tissues cultured with ITSϩ vs. those with TSϩ.
Western blot analysis. Total protein from pieces of ovarian cortex (24 -30 pieces/treatment/fetus; n ϭ 3 fetuses) cultured with TSϩ or ITSϩ was extracted with RIPA buffer, and concentrations were determined by Bradford protein assay. Equal amounts of protein (ϳ25 g) were loaded on a 10% sodium dodecyl sulfate-polyacrylamide gel, separated electrophoretically, and transferred to a nitrocellulose membrane. The membrane was blocked with 5% nonfat dry milk in TBS-T buffer (0.1% Tween-20 in Tris-buffered saline) for 1 h at room temperature to reduce the nonspecific binding. Then the membrane was incubated with rabbit anti-human PTEN and rabbit anti-human ␤-actin polyclonal antibody (Cell Signaling, Danvers, MA), followed by a horseradish peroxidase-conjugated anti-rabbit secondary antibody (Santa Cruz Biotechnology). Immunoreactivity was detected by enhanced chemiluminescence (Santa Cruz Biotechnology). The membrane was exposed to X-ray film; the film was scanned, and band density was determined with Kodak ID image analysis software (Kodak). Levels of ␤-actin protein were used as the loading control for normalization.
Immunohistochemistry. Ovaries from bovine female fetuses (5-8 mo gestation, n ϭ 4) were fixed in Bouin's solution and then processed for embedding in paraffin. Sections (8 m) were cut, deparaffinized in xylene, hydrated in an ethanol series, and then microwaved for 15 min to enhance antigen retrieval. Endogenous peroxidases were blocked by incubating the sections with 3% H 2O2 for 10 min. Rabbit anti-human FOXO3a polyclonal antibody (Novus Biologicals) was used for immunohistochemical detection of FOXO3a. Each section was incubated with 10 g/ml primary antibody overnight at 4°C. The biotinylated secondary antibody was then applied for 1 h at room temperature. The antigen-antibody-enzyme complex was detected and visualized with the Histostain-SP kit (Zymed Laboratories). Negative controls were sections adjacent to the sections being tested, but with the primary antibody replaced with nonimmune serum, and were included in each run.
Statistical analysis. Mean numbers of primordial and primary follicles per section were calculated for freshly isolated and cultured cortical pieces. Means were compared by two-way ANOVA (with treatment and animal as the factors). When a significant P value was obtained with ANOVA, differences among individual means were tested by Duncan's multiple range test. A total of six microarray chips (1 per treatment per fetus, n ϭ 3 fetuses) were analyzed. For microarray analysis, Affymetrix GeneChip Operating Software was used to analyze raw array data of pairs of TSϩ vs. ITSϩ samples to obtain signal, signal to log ratio values, change call, and associated P values, using the TSϩ-treated sample in each pair as baseline. Paired t-tests were performed, and an arbitrary P value of 0.05 was chosen to generate an initial set of differentially expressed genes. This set was further analyzed and prioritized using a combination of a more stringent P value (0.001) and fold change. Real-time PCR and Western blot data were analyzed by one-way ANOVA or t-test, respectively.
RESULTS

Morphological analysis of cortical pieces cultured with TSϩ and ITSϩ.
In freshly isolated cortical pieces (day 0 controls), most follicles were at the primordial stage as reported previously (43) . After 2 days in culture with ITSϩ, there was a significant increase in the number of primary follicles and a concomitant decrease in the number of primordial follicles compared with day 0 controls; the majority of follicles were at the primary stage with some at the primordial stage, as expected (Fig. 1A) . In contrast, in pieces cultured for 2 days with TSϩ, which is identical to ITSϩ but without insulin, most follicles remained at the primordial stage and there was no increase in the number of primary follicles (Fig. 1A) . The cultured cortical pieces looked healthy with or without insulin (Fig. 1B) . There was no difference in the percentage of healthy follicles (generally Ͼ90%), indicating that culturing bovine cortical pieces without insulin (TSϩ) maintained follicular health as expected (13) . Therefore, the morphometric analysis confirmed the expected enrichment for primordial follicles in freshly isolated cortical pieces and pieces cultured with TSϩ and the enrichment for primary follicles in cortical pieces cultured with ITSϩ.
Affymetrix GeneChip analysis. Messenger RNAs isolated from cultured cortical pieces were analyzed using Affymetrix Bovine Genome GeneChips to investigate their global gene expression profile. The Affymetrix Bovine Genome GeneChip contains 24,027 probe sets and can monitor expression of ϳ23,000 bovine transcripts, according to the manufacturer (Affymetrix). In the present study, 15,665 or 65% of the total probe sets were detected in cortical pieces cultured with TSϩ or ITSϩ. The microarray data are publicly available through the Gene Expression Omnibus website (http://www.ncbi.nlm.nih.gov/geo/) with the accession number GSE69094. The global gene expression profiles of cortical pieces cultured with TSϩ or ITSϩ were compared. Differentially expressed genes were identified in each paired comparison using an initial criterion of a t-test P value Ͻ 0.05. Further analysis of that set with a more stringent P value of 0.001 identified the most highly differentiated transcripts, which were then prioritized in combination with the fold change for each transcript. With this approach, comparison between pieces treated with TSϩ and ITSϩ generated 158 differentially expressed transcripts. Among 158 significantly altered transcripts, relative to TSϩ, 90 transcripts were upregulated in cortical pieces treated with ITSϩ (Table 1 ). The upregulated transcripts include insulin-induced gene 1 (INSG1) and galectin 1 (LGALS1), known to be important for cell proliferation and growth, stearoyl-coenzyme A desaturase 1 (SCD1), which is involved in metabolism, and cell division cycle protein 20 (CDC20) and mitotic spindle-associated protein P126, which are involved in regulating the cell cycle. The mRNA for ATP synthase (ATP5G1), which is involved in ATP metabolic processes, was also upregulated in association with insulin-induced follicle activation. Relative to TSϩ, 68 transcripts were downregulated in pieces treated with ITSϩ (Table 2) , including transcripts like B-cell lymphoma 6 (BCL-6) and decay-accelerating factor (DAF), which are involved in cell survival/death and negative regulation of cell proliferation. Transcripts encoding high mobility group box transcription factor 1 (HBP1) and frizzled homolog 1 (FZD1) were also downregulated.
Identification of biological pathways and functions associated with follicle activation. To further understand the biological and molecular functions represented by those 158 transcripts significantly altered during insulin-induced follicle activation, we performed an IPA functional analysis. The functional analysis identified the biological functions that were most significant in the data set. There were 59 molecular functions identified by this analysis as significantly associated with the altered transcripts. The most significant function associated with these transcripts is cellular growth and proliferation (Fig. 2) . Other top functions associated with insulininduced follicle activation include cell death, connective tissue disorder, cellular function and maintenance, cell cycle, cell-tocell signaling and interaction, cellular assembly and organization, and reproductive system development and function. The top 17 functions are shown in Fig. 2 .
To further refine analysis of the 158 significantly altered transcripts associated with insulin-induced follicle activation, we next investigated how these transcripts interact biologically by mapping them to genetic networks available in the Ingenuity database. These networks identified functional relationships among gene products based on known biological interactions in the literature. Analysis resulted in a total of seven networks (Fig. 3) . In agreement with gene function analysis, the most significant network (network 1) identified for follicle activation includes transcripts involved in cellular growth and proliferation. The second most significant network (network 2) includes genes involved in cell cycle/apoptosis. Other networks include genes involved in cancer/ cell morphology, cell-to-cell signaling and interaction, cellular growth and proliferation, cellular assembly and organization, and carbohydrate metabolism/energy production (Fig. 3) .
One benefit of IPA is that the application focuses not only on user-identified genes (in the present study significantly altered transcripts associated with insulin-induced follicle activation), but also on many additional genes that may be biologically relevant to user-defined genes. Thus, this analysis allows researchers to identify relationships between seemingly disparate changes in gene expression. Messenger RNA for UBE2C was significantly upregulated during insulin-induced follicle activation (Fig. 4) , and network 1 from the IPA suggests UBE2C interacts with the tumor suppressor PTEN, and PTEN can act on upregulated ATP5G1 (Fig. 4) . In addition, LGALS1 mRNA was upregulated during follicle activation, and it is predicted to interact with proteins encoded by spindle genes (SPN) in network 1. In network 5 (cellular development, hematological system development/function), Kelch-like 24 mRNA (KLHL24), which was downregulated during insulin-induced follicle activation, is suggested to be negatively regulated by kit ligand (KITLG), which can stimulate follicle activation in rodents and cattle (13, 33). ITSϩ, insulin-transferrin-selenious acid ϩ BSA and linoleic acid; TSϩ, identical to ITSϩ but without insulin. 
Expression of CDC20, HSD17␤11, UBE2C, and JAM1 mRNA in bovine ovarian cortex during follicle activation.
Real-time RT-PCR was used to validate some of the findings from the microarray. Abundance of mRNA for CDC20 and UBE2C, cell cycle regulators, was more than 9 or 11 times higher, respectively, in cortical pieces treated with ITSϩ than those with TSϩ (Fig. 5) . This is in accordance with microarray results showing that transcripts encoding CDC20 and UBE2C were upregulated during insulin-induced follicle activation ( Fig. 5 and Table 1 ). Abundance of mRNA for HSD17␤11 and JAM1 was about three or six times lower, respectively, in pieces treated with ITSϩ, which is consistent with microarray data showing that HSD17␤11 and JAM1 mRNA was downregulated during insulin-induced follicle activation (Fig. 5 and Table 1) .
Expression of PTEN mRNA and protein in bovine ovarian cortex during follicle activation. Based on the microarray data, IPA predicted that the PTEN pathway is involved in insulininduced follicle activation (Fig. 4) . Therefore, real-time PCR and Western blot were used to detect PTEN mRNA and protein, respectively. PCR analysis showed that the expression of PTEN mRNA was around 3.8-and 3.3-fold greater in freshly isolated cortical pieces (day 0) and pieces cultured for 2 days with control medium (TSϩ), respectively, compared with pieces cultured with insulin (ITSϩ, P Ͻ 0.05, Fig. 6A ). Consistent with the PCR results, PTEN protein was detected by Western blot in bovine ovarian cortical pieces, and levels of PTEN were 20-fold higher in control cortical pieces cultured with TSϩ than those with ITSϩ (P Ͻ 0.05, Fig. 6B) .
Immunolocalization of FOXO3a protein in bovine fetal ovaries. Immunolocalization of FOXO3a, a downstream effector of PTEN signaling, was performed on paraffin sections from fresh bovine fetal ovaries (5-8 mo gestation) of the same age as the fetal ovaries used for microarray. Areas with primarily either primordial or primary follicles in ovarian sections were chosen to show the differences in FOXO3a immunostaining. Staining for FOXO3a was observed in the cytoplasm of all oogonia and oocytes (Fig. 7A) . Some granulosa cells of primordial and primary follicles also showed immunoreactivity for FOXO3a. Interestingly, there was strong staining for FOXO3a in the nuclei of most oogonia and many oocytes of primordial follicles (Fig. 7A) . How- 
Network #1
Network #2 Fig. 3 . Ingenuity Pathways Analysis (IPA) implicated 7 biological networks associated with differentially expressed transcripts identified during insulin-induced follicle activation in vitro. The sizes of the pieces of pie represent the score for each network, which was computed by IPA, according to the fit of that network to the set of differentially expressed transcripts (i.e., the bigger the piece, the better the fit).
ever, no nuclear staining was detected in oocytes of primary follicles (Fig. 7B ). This suggests that nuclear-cytoplasmic shuttling and degradation of FOXO3a protein occurs during follicle activation in cattle.
DISCUSSION
The regulation of follicle activation is still largely a mystery. The addition of particular hormones/growth factors can stimulate or inhibit activation in vitro, but the molecular changes that mediate the initiation of growth and development of both the oocyte and surrounding granulosa cells are not understood. Techniques like microarray offer the possibility of examining levels of thousands of mRNA transcripts simultaneously. In mammalian species of practical interest, such as humans and domestic animals, follicle formation and acquisition of the capacity to activate occur in the female fetus over a period of weeks. This makes the application of molecular techniques especially challenging. Our experimental system involved the enrichment of fetal ovarian cortical pieces for primordial or primary follicles by culture with control medium or with insulin, one of the factors that can stimulate bovine follicle activation. Activation occurs within 48 h, and microarray analysis of tissue retrieved at that time revealed a host of differences in transcripts in ovarian cortex enriched for primary vs. primordial follicles. The transcript encoding UBE2C was upregulated in cortical pieces enriched for primary follicles and was linked by IPA with PTEN, an upstream regulator of FOXO3a. These latter two factors were identified as inhibitors of activation by knockout studies with mice (4, 35) , and our follow-up studies showed that a dramatic decrease in PTEN and in nuclear FOXO3a accompanied bovine follicle activation. This suggests the intriguing hypothesis that upregulation of UBE2C, and thus the ubiquitin proteasome system, leads to degradation of PTEN and less nuclear accumulation of FOXO3a and, hence, to follicle activation in cattle.
A total of 158 differentially expressed transcripts were associated with the transition from resting primordial to primary follicles. Several upregulated transcripts encode metabolic enzymes, including SCD1, a key regulator of energy metabolism. This is consistent with the greater metabolic activity of primary follicles vs. resting primordial follicles. Scd1 was also significantly upregulated during follicle activation in microarray studies in rats (22) , but not in mice (46) .
A number of transcripts encoding proteins promoting cell proliferation and growth, like INSIG1, galectin 1, and nerve growth factor receptor associated protein 1, were upregulated in association with the primordial to primary follicle transition. A knockout study indicated that nerve growth factor is involved in follicle activation and the primary-to-secondary follicle transition in mice (9) . Also, transcripts encoding proteins that control the cell cycle, such as CDC20 and MAP16, were upregulated in bovine cortical tissue enriched for activated follicles. Consistent with those findings, functional analysis by IPA showed that top functions associated with transcripts differentially expressed during follicle activation are cellular growth and proliferation, cell cycle, cell-to-cell signaling and interaction, cellular movement, and cellular assembly and organization. These biological functions or processes are anticipated as the primordial follicles leave developmental arrest to initiate growth. Morphologically, follicle activation is characterized by the growth of the oocyte and a change in the shape of granulosa cells from flattened to cuboidal, and initiation of granulosa cell proliferation. These changes may involve numerous mechanisms including cell-cell signaling and interaction, cell cycle progression, and cellular assembly. It is possible that the activation stimulator we used, insulin, may have effects on ovarian cortical tissue that are not related to activation. However, microarray studies in mice (8, 46) , rats (22) , primates (1), and humans (26) similarly revealed differential expression of genes involved in the cell cycle and cell proliferation and growth. The transcripts that were upregulated are not exactly the same among studies, suggesting that species differences may exist.
Interestingly, transcripts encoding high mobility group box transcription factor 1 (HBP1) were downregulated in insulintreated tissues, enriched for activated follicles. HBP1 is a high mobility group domain transcriptional repressor that regulates proliferation in differentiated tissues. Expression of the HBP1 gene leads to cell cycle arrest in vitro and in vivo (37, 38) . Little is known about HBP1 during ovarian development, but Arraztoa et al. (1) reported expression of the HBP1 gene in primate primordial oocytes. Together with our findings, these data suggest that decreased HBP1 may induce the release of primordial follicles from cell cycle arrest and their entry into the growth phase to become primary follicles. In addition, HBP1 suppresses WNT/FZD1 signaling to prevent cell proliferation (36) . WNT ligands and frizzled G protein-coupled receptors control cell fate, including embryonic development of the ovary in mice (17) . In the present study, the transcript encoding frizzled homolog 1 (FZD1) was downregulated in ovarian cortex with many activated follicles. Wnt-4 is expressed in ovaries of neonatal mice between birth and day 5, when primordial follicles are being formed and some begin to develop into primary follicles (17) . Together, these results suggest the involvement of WNT and FZD1, which may be regulated by HBP1, in bovine follicle activation. However, the exact roles of HBP1 and the WNT/FZD1 pathway in initiation of follicular growth remain to be investigated. The present study also showed that HSD17␤11 mRNA was downregulated during follicle activation. HSD17␤11 has been suggested to play a role in androgen metabolism during steroidogenesis (5) , and thus, these data are consistent with previous studies showing androgens stimulate early follicular development (41, 45) . Surprisingly, transcripts encoding BCL-6 and DAF, which are involved in cell survival/death, were also downregulated during insulin-induced follicle activation. However, our morphological study showed that cultured cortical pieces looked healthy with or without insulin, and there was no difference in the percentage of healthy follicles. Roles of these transcripts remain to be elucidated.
Kit ligand (KITLG) and its receptor c-kit (KIT) appear to be important for initiation of follicle growth in rodents and cattle (19, 27) . Surprisingly, no significant changes in transcripts encoding KIT or KITLG were detected during follicle activation in the present study. Similarly, a microarray study in rats also showed no differences in levels of transcripts encoding KITLG in neonatal ovaries enriched for either primordial follicles or primary follicles (22) . In contrast, an array study in mice demonstrated that Kit mRNA was upregulated in postnatal day 4 ovaries, which contain primordial and primary follicles, compared with day 2 ovaries, which have only primordial follicles (8) . Reasons for the discrepancy between the microarray results and the experimental studies implicating KIT/ KITLG in follicle activation in cattle and rats are not clear. One possibility might be the low level of expression of KIT and KITLG in bovine ovarian cortical pieces and whole rat neonatal ovaries. That hypothesis could be tested by examining their transcriptome profiling by the RNA-seq technique. RNA-seq is a newly developed technology and has some advantages over microarray, especially in detecting low-abundance transcripts and discovering new genes (47) . Moreover, in the current study mRNA for KLHL24 was downregulated during bovine follicle activation, and our IPA analysis predicts that KITLG could act on KLHL24. The function of KLHL24 is not clear so far, so the physiological relevance of regulation of KLHL24 by KITLG remains to be elucidated.
We further analyzed differentially expressed transcripts associated with follicle activation in vitro by mapping them to IPA genetic networks to investigate how these transcripts interact biologically and to identify functional relationships between gene products, based on known biological interactions. Seven networks were identified. The top two networks with high significance scores are 1) cell proliferation and growth and 2) cell cycle and cell death. Interestingly, the network of cell proliferation and growth predicts that protein encoded by UBE2C mRNA, which was upregulated during follicle activation in the present study, can interact with PTEN. The modification of proteins with ubiquitin is an important cellular mechanism for targeting abnormal or short-lived proteins for degradation. The UBE2C gene encodes a member of the E2 ubiquitin-conjugating enzyme family, which is required for the destruction of mitotic cyclins and for cell cycle progression. PTEN is a member of the tyrosine phosphatase family and functions as a major negative regulator of PI3K action by removing the phosphate in the D3-phosphate group of phosphoinositide-3,4,5-triphosphate (24) . The PI3K pathway is a fundamental signaling pathway for the regulation of cell proliferation, survival, migration, and cell cycle entry (3). Reddy et al. (35) reported that oocyte-specific deletion of Pten in mice caused massive activation of primordial follicles, demonstrating a critical inhibitory role of the PTEN/PI3K signaling cascade in the primordial to primary follicle transition in mice. Similarly, we showed that there was a wholesale activation of primordial follicles in bovine cortical pieces cultured with ITSϩ and a concomitant dramatic decrease in PTEN mRNA and protein levels, suggesting that insulin induces follicle activation by decreasing PTEN in cattle. So far, several studies have shown that PTEN functions are regulated by ubiquitination (25, 39) , but ovarian tissue was not examined. The transcript encoding UBE2C was upregulated in cortical pieces cultured with ITSϩ; therefore, we hypothesize that insulin induces upregulation of UBE2C, which then leads to degradation of PTEN and, hence, to follicle activation. Besides the PTEN pathway, the network of cell proliferation and growth also predicts that protein encoded by LGALS1 mRNA, whose expression was upregulated during follicle activation in the current study, can interact with proteins encoded by spindle (SPN) genes. SPN genes have been shown to have important functions in oogenesis in Drosophila (14) , suggesting a potential role of LAGALS1/SPN protein interaction in early follicular development in larger mammals. We also provided immunocytochemical evidence for nuclear to cytoplasmic translocation of FOXO3a during follicle activation in cattle. The forkhead box O (FOXO) transcription factors (FOXO1, FOXO3a, FOXO4, and FOXO6) are an important family of proteins because they regulate the expression of genes involved in apoptosis, cell cycle, cell differentiation, glucose metabolism, and other cellular functions (18) . Studies from Castrillon's lab (4, 20) showed that Foxo3aϪ/Ϫ mice exhibit a distinct global activation of primordial follicles, and FOXO3a, lying downstream of PTEN, undergoes nuclearcytoplasmic shuttling during primordial to primary follicle development. Moreover, differential expression of mRNA and protein for FOXO3a in mouse ovaries suggests that posttranscriptional regulation of FOXO3a protein stability is very important (20) . Furthermore, FOXO protein stability is regulated by the ubiquitin proteasome system in other tissue types (40) . How FOXO is regulated in the ovary is not clear. In the present study, our IPA analysis suggests that increased UBE2C may be responsible for the decreased level of FOXO3a, probably through the ubiquitin-proteasome system. The decrease in FOXO3a would then initiate follicle activation. In addition, since activation of ubiquitin is a process requiring ATP as an energy source, upregulation of the transcript encoding ATP5G1, identified by microarray in the present study, further supports the involvement of the ubiquitin-proteasome system in insulin-induced follicle activation.
Microarray technologies have also been used for gene expression profiling during early folliculogenesis in mice (8, 46) , rats (22) , primates (1), and humans (26) . In all these studies, the transition from primordial to primary follicles is associated with changes in the expression of many cell cycle, metabolism, and growth-regulating genes. However, the specific mRNA transcripts that changed in each category in studies on mice, rats, cattle, primates, and humans are not exactly the same. Also, changes in the expression of some mRNAs, for example kit ligand and its receptor c-kit that appear to be important for initiation of follicle growth, were detected in one species but not in others (8, 22) . Moreover, mRNAs regulating cell death were abundantly expressed during follicle activation in the current study and studies in mice (8, 46) and primates (1), but not in rats (22) and humans (26) . There are several explanations for the differences. First, there may be species differences in the regulation of follicle activation. Second, differences in the changes in mRNA expression associated with follicle activation may be due to the use of different types of samples (whole ovaries vs. cortical pieces vs. isolated oocytes) and thus reflect the contributions of different proportions of ovarian cell types. Third, follicle activation was achieved differently. In our study, follicle activation was induced in vitro by insulin, which may also cause changes that are not involved in activation, whereas neonatal ovaries or oocytes isolated from primordial and primary follicles by laser capture microdissection were used in mouse and human studies, respectively (1, 8, 26, 46) . Finally, the exact composition of gene chips between species/ among studies was not the same.
In summary, our in vitro experimental model allowed the identification of 158 transcripts that were differentially expressed in tissues during insulin-induced bovine follicle activation in vitro by microarray. The differentially expressed transcripts code for proteins mainly involved in the processes of cellular growth and proliferation, cell cycle regulation, and metabolism. Several genes identified in the present study, especially HBP1, SCD1, and UBE2C, and pathways like WNT/ FED1 and PTEN/FOXO3a provide interesting candidates for further investigation of mechanisms underlying follicle activation in cattle and other large mammals. Elucidation of theses mechanisms will advance our knowledge of this key transition in follicular development, especially in mammals of practical interest, like domestic animals and humans.
